The Drosophila head vertex is composed of three ocelli, stereotypic bristle patterns and characteristic cuticles. It is derived from the fusion of two eye-antenna discs. The head vertex primordium is located at the anterior-dorsal region of the eye disc. The orthodenticle (otd) homeobox gene is expressed in the primordium and is functionally required for its development and patterning. Here we show that the Pax gene eye gone (eyg) is expressed adjacent to the otd expression domain in the eye disc. otd is required and sufficient to repress eyg transcription, thereby preventing eyg from expressing in the head vertex primordium. In otd mutant, eyg expression is derepressed in the head vertex primordium and is a major negative effector to block head vertex development. Therefore, otd not only needs to induce downstream effector genes to execute the development and patterning of the head vertex development, but also needs to actively repress the negative regulator eyg. In addition, eyg is required for the development of the lateral bristles in the head vertex. So eyg plays both positive and negative roles in head vertex development.
Introduction
In the study of developmental mechanisms, usually the attention is on genes whose presence is positively related to a developmental process. However, there are genes whose absence is essential. When a gene that is normally not expressed becomes expressed, it may disrupt the pattern formation during development. It is usually taken for granted that a gene is not expressed because it is not induced. Here we report an example that a negative regulator is actively repressed from expression during the development of the Drosophila head vertex.
The Drosophila head vertex is the dorsal region that separates the two compound eyes and is formed from the fusion of the two eyeantennal discs (Haynie and Bryant, 1986) . The head vertex can be divided into three distinct domains: (1) the medial ocellar cuticle, consisting of three ocelli and the associated ocellar, postvertical and interocellar bristles, (2) the mediolateral frons cuticle, with parallel ridges and devoid of macrochaetes, and (3) the lateral orbital cuticle, consists of three orbital bristles, the vertical seta, and is located more laterally, between the frons and the compound eye (Haynie and Bryant, 1986; Fig. 1A) . Fate map showed that these structures derive from the anterior-dorsal region of the eye disc called head vertex primordium (Haynie and Bryant, 1986; Fig. 1B) . The head vertex is a good model to study how a field is subdivided into distinct regions with different developmental fates.
A number of genes are known to be involved in the development of the head vertex. The best studied is orthodenticle (otd). otd encodes a transcription factor with a homeodomain of the paired class (Finkelstein et al., 1990) . The otd/Otx genes are highly conserved from insects to mammals and are involved in cephalization, head segmentation, brain regionalization, and photoreceptor development (see reviews by Acampora et al., 2000; Boyl et al., 2001; Simeone et al., 2002; Hennig et al., 2008) . otd is expressed ubiquitously in the early second instar (L2) eye disc and then restricted to the dorsal head vertex primordium in the third instar (L3) eye disc (Royet and Finkelstein, 1997; Wieschaus et al., 1992) . In the head vertex primordium, Otd protein forms a medial-to-lateral concentration gradient, with the highest level in the most medial region (Royet and Finkelstein, 1995) . In otd mutant, the medial and mediolateral head structures are lost, whereas the lateral orbital region is not affected (Royet and Finkelstein, 1995; Wieschaus et al., 1992) . Therefore, otd is required for the development of the medial and mediolateral structures of the head vertex.
Several more genes showed specific expression in the head vertex primordium and are involved in the specification of the different regions in the head vertex. In late third instar larval eye disc, the wingless (wg) gene is expressed in two patches laterally flanking the Otd expression domain and is required for the development of the lateral (orbital) and mediolateral (frons) structures (Figs. 1A, B; Royet and Finkelstein, 1996) . hedgehog (hh) is expressed in the medial region of the Otd expression domain and, along with its downstream components cubitus interuptus (ci) and fused (fu), is required for the development of the medial structures, including the ocelli and associated bristles (Figs. 1A, B; Ma et al., 1993; Royet and Finkelstein, 1995 Amin et al., 1999) . The Egfr ligand Vein (Vn) is expressed posteriorly to the hh domain in the head vertex primordium, and Vn and Drosophila Egfr (DER) are required for a subset of the medial structures (ocelli, ocellar bristles and postvertical bristles) (Amin et al., 1999; Amin and Finkelstein, 2000) . The E(spl)m7, a target gene of Notch (N) signaling, is expressed in the head vertex primordium (Amin, 2004) and N is required for the development of the ocellar cuticle and interocellar bristles (Amin, 2004) . In addition, the transcription factors Engrailed (En), Eyes absent (Eya) and Sine oculis (So) are involved in the development of the ocelli (Royet and Finkelstein, 1995; Cheyette et al., 1994; Bonini et al., 1998; Zimmerman et al., 2000) . Although en has not been shown to be required for ocellar development by mutant analysis, hsp70-en expression can rescue the ocelli development in oc 1 mutant (Royet and Finkelstein, 1995) . A summary of the functional territories and expression domain of these genes is shown in Fig. 1 . These genes have complex regulatory relationships. In early third instar eye disc, the expression domains of hh, wg and otd in the head vertex roughly coincide (Royet and Finkelstein, 1996) . Hh and Wg signaling are required for otd expression at the head vertex Finkelstein, 1996, 1997; Blanco et al., 2009; reviewed in Friedrich, 2006) . otd expression is also positively regulated by Otd itself. It was proposed that Wg and Hh signaling induce the initiation of otd expression. Otd then maintains its own expression through a positive autoregulatory loop (Blanco et al., 2009) . Analysis of the oc enhancer, which reproduces the otd expression in the head vertex primordium, showed that mutating the Ci or dTCF binding site in the enhancer did not abolish its expression (Blanco et al., 2009) . One possible explanation is that the regulation by Hh or Wg can be indirect. The DER ligand Vn is expressed in a domain just posterior to the hh domain and its expression is regulated by hh (Amin et al., 1999) . Vn and DER are required for otd expression (Amin et al., 1999; Amin and Finkelstein, 2000) . It was proposed that Hh regulates otd expression indirectly via Vn and DER (Amin and Finkelstein, 2000) .
In turn, otd is required for the overlapping hh and wg domains, at early third instar, to segregate into non-overlapping domains at late third instar (Fig. 1B; Royet and Finkelstein, 1996) . This is achieved because otd is required for the maintenance of the hh expression and the repression of wg. This segregation is important for the specification of the different regions in the head vertex.
Among these genes, Otd exert its function over the broadest territory in the head vertex, affecting all medial and mediolateral structures. Hh, DER, N, En, Eya and So each affected a subset of these Otd-controlled structures. It is tempting to hyphothesize a regulatory cascade starting with Otd ( Fig. 9) , with all these genes acting positively for the development of the different regions of the head vertex.
In contrast to the above described genes that are required for head vertex development, here we show that the eye gone (eyg) Pax gene acts as a negative regulator of medial bristles, and as a positive regulator of the lateral bristles in the head vertex. In contrast to the previously described genes, it is not expressed in the head vertex primordium. If expressed in this region, eyg blocks head vertex development. Its exclusion from this region is therefore important and is due to active transcriptional repression, perhaps indirectly, by Otd.
eyg encodes a transcription factor of the Pax family (Jun et al., 1998) . eyg is involved the development of eye, salivary gland, thorax and antenna (Aldaz et al., 2003; Jang et al., 2003; Jones et al., 1998; Wang et al., 2008) . The most prominent mutant phenotype is the reduction or loss of eye, hence its name. Eyg promotes eye development in two ways. First, it promotes cell proliferation through inducing the expression of unpaired (upd), a ligand for the Jak/STAT signaling pathway (Chao et al., 2004; Tsai and Sun, 2004; Jang et al., 2003; Dominguez et al., 2004) . Second, eyg can repress wg expression to allow the initiation of photoreceptor differentiation (Ekas et al., 2006; Tsai et al., 2007) . In this paper, we report a novel dual function for Eyg in the development of the head vertex. Eyg is both a positive regulator of the lateral bristle development, and a negative regulator of the medial bristle development. Its negative role is blocked because its transcription in the medial region is actively blocked by otd. Results otd represses eyg transcription eyg is expressed in an anterior-dorsal stripe in mid-late L3 eye disc. We noted that this expression was excluded from the dorsal wg expression region and the head vertex primordium, defined by otd expression (Fig. 2A) . The exclusive expression domains of eyg and otd suggest these two transcription factors may have antagonistic regulation.
To test the possibility of antagonistic regulation between eyg and otd, we first checked if otd affected eyg expression. Clonal induction (Ito et al., 1997) of otd expression (abbreviated as ActNotd) in the eye disc can repress the expression of eyg-lacZ (Eq1, an enhancer trap line of eyg; Sun et al., 1995) (Fig. 2B ). This demonstrates that Otd is sufficient to repress eyg expression and the regulation was at the transcriptional level. In addition, ActNotd also repressed Eyg and eyglacZ expression in the wing disc (Figs. 2C, D) . In a microarray and RT-PCR analysis of embryos with ubiquitous overexpression of otd or human Otx2, eyg was found to show the strongest reduction (Montalta-He et al., 2002) . These findings indicated that ectopic Otd is sufficient to repress eyg transcription. The repression can occur in the eye disc, wing disc and in embryo, suggesting that there is no tissue or temporal specificity. If this is true, we would expect that there is no overlap between otd and eyg expression. Indeed, in leg disc Otd expression did not overlap with Eyg (not shown). Otd is not expressed in the wing disc (not shown), so there is also no overlap with Eyg.
We next checked whether otd is required to repress eyg expression during normal development. We generated clones of otd JA101 mutant cells. otd JA101 is a null allele of otd (Finkelstein et al., 1990) . When otd JA101 mutant clones occurred in the head vertex primordium of the eye disc, eyg-lacZ and Eyg protein level were elevated in these clones at late L3 (Figs. 3A'-A"). ocelliless (oc) and otd are synonyms (Finkelstein et al., 1990) . Similar results were found in a hypomorphic mutant oc 1 and a transallelic combination of oc 1 and otd JA101 . In oc 1 , the ocelli, the interocellar, ocellar and postvertical bristles are missing; a part of the frons is also missing (Royet and Finkelstein, 1995) . In oc 1 /otd JA101 flies, the ocelli, interocellar, ocellar and postvertical bristles were missing and the macrochaetes on the head vertex were disorganized (Fig. 6A) showed a nick at the equator region. eyg-lacZ (C) and Eyg (white in C') was not elevated in the photoreceptor cells in otd JA101 /oc 1 mutant. (D) In early L3 eye disc, the equatorial eyglacZ expression was unaffected in large otd JA101 clones (marked by the absence of GFP, green). (D') A higher power image of the area marked in (D), at a slightly rotation. In order to see whether eyg-lacZ was expressed, the gain on the confocal microscope was increased. The white arrows indicated the non-specific background of anti-β-galactosidase staining, which was punctuate but smaller than the normal nuclear staining. Scale bars, 20 μm.
the head vertex primordium. The ocellar marker Eya was also absent. These results indicate that normally otd is required to repress eyg expression from extending into the head vertex primordium. The repression of eyg by otd is temporally and spatially restricted. At early L3, eyg-lacZ expression was not affected even when the otd JA101 mutant cells covered extensive region of the eye disc (Figs. 3D-D'). At late L3, although otd is also expressed in the differentiating photoreceptors, eyg expression was not derepressed when otd JA101 mutant clones occurred in the photoreceptor cells (Fig. 3A) . In otd JA101 /oc 1 eye disc, eyg expression was not induced in the differentiating photoreceptors (Fig. 3C') . These results suggested that the repression of eyg expression by otd occurs specifically in the head vertex primordium in mid-late L3 eye disc. In another microarray analysis using pupal heads from the viable otd uvi mutant, which affected only late stage photoreceptor differentiation, eyg was not identified as being affected (Ranade et al., 2008) . This is consistent with our finding that the repression of eyg by otd is spatially and temporally restricted and suggested that a positive regulator for eyg expression is present in head vertex primordium. /oc 1 L3 eye disc, the E2-GFP expression expanded anteriorly and also into the head vertex primordium. (C) CD-GFP (green) in wild-type L3 eye disc showed the L3 anterior stripe expression and an equatorial expression due to perdurance of L2 expression (Wang et al., 2008) . The two patches of ocellar precursor cells were visualized by antiEya (magenta, indicated by white arrow). (D) In otd JA101 /oc 1 L3 eye disc, the Eya staining (magenta) was absent in the ocellar precursor region and the CD-GFP was expanded into the head vertex primordium. The equatorial expression was not changed. (E) ActNotd clones (marked by anti-β-galactosidase staining, red) suppressed CD-GFP (green) expression.
(E') A magnified view of CD-GFP expression (green) in the inset in (E). The boundary of the ActNotd clone is indicated by white dotted line. (F-G) ActNotd expression (LacZ, red) caused a non-autonomous repression (indicated by white dashed lines) on E2-GFP (F, F') and CD-GFP (G). A magnified view of the clone in (F) was shown in (F'), at a slightly different focal plane. (H) The two putative Otd binding sites otd1 (GGATTA) and otd2 (TAATCC) within the CD enhancer. These are exact match for the Otd binding site TAATCC (Tahayato et al., 2003) . They were mutated to GGGGGA and TGGGCC, respectively. (I) When both sites were mutated, the CDmotd1,2-GFP (green) is expressed in a pattern similar to the original CD-GFP. (J) In otd JA101 /oc 1 eye disc, CDmotd1,2-GFP (green) was expanded, similar to CD-GFP, into the head vertex primordium of eye disc.
Otd may repress eyg expression indirectly
Our results showed that otd repressed eyg expression at the transcriptional level. Otd has been shown to be able to act as a transcriptional activator or repressor, depending on the cellular context (Tahayato et al., 2003) . Therefore Otd may either repress eyg directly or indirectly by activating a repressor. We first examined whether otd regulates eyg through the eyg enhancers previously identified (Wang et al., 2008) . The anterior stripe expression of eyg in late L3 eye disc is driven by two distinct enhancers, CD and E2 (Wang et al., 2008 . eyg and CycE can rescue phenotypes caused by ectopic otd expression. UAS-otd transgene expression was driven by several GAL4 drivers in diverse location of the eye disc. (A) When otd expression was driven by dpp-GAL4 (abbreviated as dppNotd), all flies have reduced eye size. 75% of these eyes are smaller than 200 ommatidia. (B-D) When otd expression was driven by ey-GAL4 (abbreviated as eyNotd), 81% of eyes were strongly reduced (smaller than 200 ommatidia) (B), whereas 19% of eyes were absent (C). The L3 eye disc was highly reduced (D). The eye field, marked by Elav (blue) and Eya (red), is highly reduced. The two patches of Eya staining representing the ocellar precursors were still present. (E, F) When otd expression was driven by eyg-GAL4 (abbreviated as eygNotd), 5% of eyes were strongly reduced (E), whereas 95% of eyes were absent (F). The L3 eye disc was highly reduced (G). Note that there is no Elav-positive staining (blue) in (G), indicating the photoreceptor cells were not differentiated. The two patches of Eya staining representing the ocellar precursors were still present. (H) The eygNotd adults showed a thorax phenotype. (I) Removing one copy of eyg (eyg M3-12 /+) in eyNotd flies, further enhanced the eyeless phenotype to 100% penetrance. (J) Using ey-GAL4 to drive eyg transgene alone caused slightly reduction in the posterior-ventral margin of the adult eye (indicated by black arrow). (K, L) When otd transgene was co-expressed with eyg transgene using ey-GAL4 (abbreviated as eyNotd+eyg), 75% of the eyes can be restored to nearly normal size (K). The eye disc size and eye field development (marked by Eya and Elav) have also recovered. (M, N) Co-expression of otd and eyg by eyg-GAL4 (abbreviated as eygNotd+eyg) rescued eye (M) and thorax (N) phenotypes with complete penetrance. (O, P) Using eyg driver to co-express otd and cycE also completely rescued the eye phenotype (O), but not the thorax phenotype (P). Note the image in (P) was in a slightly higher magnification than in (N).
eye enhancers. In ActNotd clones, CD-GFP and E2-GFP expression were repressed (Figs. 4E-G). These results suggest that eyg transcription at mid-late L3 was repressed by otd through the two eyg enhancer elements. Several putative Otd binding sites (Tahayato et al., 2003) were identified within the CD and E2 elements. We examined whether otd repressed eyg expression directly via these target sites. However, two set of results suggested that the regulation by otd may be indirect. First, when either or both of the two putative Otd-binding sites within CD were mutated (motd2 and motd1,2), the mutated CDs (CDmotd2 and CDmotd1,2) maintained the same expression pattern as the original CD (Fig. 4I and data not shown) . In the oc 1 /otd JA101 mutant eye disc, CDmotd1,2 expression was similarly derepressed in the head vertex (Fig. 4J ). In addition, the putative Otd biding sites in E2 were not located in its subfragment XS, which specified the L3 expression. These suggested that the putative sites in CD and E2 are not required for the regulation by otd, although we do not rule out the possibility that there are other undefined sequences that can be recognized by the K50 homeodomain of Otd. Second, if otd represses eyg directly, the repression is expected to be cell-autonomous. In a few ActNotd clones in the wing disc, eyg-lacZ and Eyg protein were also repressed immediately outside of the otd-expressing clone (Fig. 2D ). In addition, some cells in the clone margin were not repressed by expressing otd (Fig. 2C ). Non-autonomous repression was also seen in eyg enhancers (Figs. 4F, G). These non-autonomy suggest that the suppression of eyg transcription by otd may be indirect. Taken together, these results suggest that Otd likely represses eyg transcription indirectly.
Ectopic otd blocked eye development by repressing eyg
We next investigated whether the repression of eyg by ectopic otd has any functional consequences in development. Targeted otd expression using dpp-GAL4 driver (abbreviated as dppNotd) caused a drastically reduction in eye size (Fig. 5A) . Similarly, when expression of otd was driven by ey-GAL4 or eyg-GAL4 (abbreviated as eyNotd and eygNotd, respectively), the adult eyes and eye discs were highly reduced or absent (Figs. 5B-G). In addition, the eygNotd adult thorax showed severe phenotype (Fig. 5H) , presumably because eyg-GAL4 can also drive expression in the notum region of wing disc (Jang et al., 2003; Yao and Sun, 2005) . In combination, the eye and thorax phenotypes caused by forced otd expression were similar to the lossof-function eyg mutant phenotypes (Jang et al., 2003) . This implicates that the otd misexpression may reduce eye size by repressing eyg expression. We tested this possibility by further reducing the eyg dosage in eyNotd flies and expected that the eye phenotype would become more severe. eyg M3-12 is a null allele of eyg (Jang et al., 2003) .
When eyNotd was combined with eyg M3-12 /+, the adult eyes became completely absent with 100% penetrance (Fig. 5I , compare with the 19% eyeless phenotype in eyNotd shown in Fig. 5C ). If the eye reduction caused by otd misexpression is due to a repression of eyg, then expressing otd in a region of the eye disc without endogenous eyg expression should cause no effect on eye size. Indeed, the size of eye discs was not reduced when otd was expressed in the differentiated photoreceptors by GMR-GAL4 driver (not shown).
We further tested whether the small eye phenotype of otdmisexpressing flies can be rescued by forced eyg expression. When eyg was coexpressed with otd by the ey-GAL4, eye development in all eyNotd+eyg flies were restored, with 75% of eye reaching nearly full size (Fig. 5K , compare with the eye reduction phenotype of eyNotd in Figs. 5B, C, and the slightly reduced eye size of eyNeyg in Fig. 5J ). The eyNotd+eyg eye disc size was also recovered (Fig. 5L , compare with the highly reduced eye disc in eyNotd in Fig. 5D) . Similarly, when driven by the eyg-GAL4, all eygNotd+eyg flies have full rescue of eye size and thorax defect (Figs. 5M, N, compare with Figs. 5E-H) . These results suggested that the repression of eyg is the major reason for the phenotypes caused by otd misexpression. The rescue by coexpressing eyg also suggested that the repression of eyg is not on blocking Eyg protein activity, but on repressing eyg transcription.
Eyg regulates eye size by promoting cell proliferation (Chao et al., 2004; Dominguez et al., 2004) . This is due to the induction of upd, which acts through the Jak/STAT pathway to promote cell proliferation (Chao et al., 2004; Tsai and Sun, 2004) . If the effect of misexpressing otd is due to repression of eyg, hence reduced cell proliferation, then the phenotype may be rescued by directly inducing the downstream cell proliferation. Cell proliferation defects resulting from inhibition of Notch signaling can be rescued by expression of cycE, which encodes a G1-S phase cyclin (Kenyon et al., 2003) . We tested to see whether cycE can rescue otd-expressing phenotype. The eye reduction phenotype in eygNotd and eyNotd flies can be restored by coexpressing cycE (Fig. 5O and not shown) . These results are consistent with the explanation that the repression of eyg is the primary effect of otd misexpression. By contrast, the thoracic defect caused by eygNotd was not rescued by coexpressing cycE (Fig. 5P) , suggesting that this defect is not due to a disruption of cell proliferation, but by another function of eyg.
We also tested whether apoptosis plays any role in the eye reduction phenotype. We expressed the anti-apoptotic P35 (Hay et al., 1994) in otd-misexpressing flies to block cell death. Coexpressing P35 and otd using either ey-GAL4 or eyg-GAL4 did not restore eye size (not shown), suggesting that apoptosis is not involved. This is consistent with previous report that eyNP35 cannot rescue the eye reduction phenotype of loss-of-function eyg mutants (Jang et al., 2003) . In addition, these coexpression results indicated that the rescued eye phenotypes in eyNotd+eyg flies were not due to the dilution of the GAL4.
otd represses eyg transcription to allow head vertex determination
We next asked whether the repression of eyg is an essential part of normal otd function in head vertex development. In otd JA101 /oc /oc 1 , the removal of one copy of eyg (eyg M3-12 /+) did not restore the ocelli loss phenotype. In L3 eye disc, the ocellar precursor patches represented by Eya expression (blue) were not detected. eyg M3-12 contains a P[lacW] insertion and the lacZ reporter recapitulated the eyg expression pattern (Sun et al., 1995) . lacZ (anti-β-galactosidase, red) expression was expanded into the head vertex primordium. (C, D) Further reducing eyg dosage (in eyg M3-12 /eyg 1 background), the ocelli precursor cells (Eya, blue) in otd JA101 /oc 1 mutant L3 eye disc were partially rescued (white arrow) (C). In the adult head vertex, 20% of flies have recovered ocelli, ocellar and postvertical bristles (D). (E) GFP expression pattern driven by NP4065-GAL4 in L3 eye disc. The eye disc was stained with anti-Eya (red). The NP4065 expression domain encompasses the head vertex primordium, including the two ocellar precursor patches (Eya, red). (F-H) Using NP4065-GAL4 to drive otd miRNA expression (abbreviated as NP4065Notdi), Otd expression (red) was reduced in head vertex primordium (F). (G) In NP4065Notdi flies, all three ocelli, ocellar, interocellar and postvertical bristles were missing. In some cases, ectopic bristles were formed in the lateral region of the vertex (white arrow). (H, I) Co-expressing otd miRNA with Eyg-VP16 by NP4065-GAL4 (abbreviated as NP4065Notdi+Eyg-VP16), the ocellar precursor cells (Eya, blue) can be rescued in L3 eye disc (H). (I) The pharate adult vertex was partially rescued to have medial ocelli (mo, indicated by white arrow). The patterning of vertex bristles was partially rescued. (J-J')When the eyg transgene was driven by NP4065-GAL4 (abbreviated as NP4065Neyg) at 25°C, there was a slight bulge in the head vertex primordium, probably resulting from the proliferating effect of eyg. The L3 eye disc had normal Eya (blue) and Otd (red) patterns. (K-K') In the L3 eye disc, when NP4065Neyg flies were cultured at 29°C, Eyg (green) was detected in the head vertex primordium and Eya (blue in K, white in K') was absent from the ocellar precursor region. (L) When NP4065Neyg flies were cultured at 29°C, 35% of the adults lost some ocelli. The medial ocelli (mo) was still present (indicated by arrow). (M) When two copies of eyg transgenes were driven by NP4065-GAL4, all three ocelli were missing. The ocellar and postvertical bristles were significantly lost. There is also a large increase of interocellar bristles and expansion of the ocellar cuticle. For quantitative results, see Supplementary mutant eye disc, the Eyg and eyg-lacZ expression expanded into the head vertex primordium, and there was no ocellar marker Eya expression (Fig. 3C ). In the otd JA101 /oc 1 adults, the ocelli, interocellar, ocellar and postvertical bristles were lost (Fig. 6A) (Fig. 6D) , as compared to the 100% ocelliless in otd JA101 /oc 1 (Fig. 6A) . The ocellar bristles and postvertical bristles were also recovered (Fig. 6D) . The incomplete rescue may be due to the incomplete removal of eyg in eyg M3-12 /eyg 1 , since eyg 1 is a hypomorph. In addition to the otd mutations analyzed above, we also made a microRNA (miRNA) that targets otd mRNA, thereby providing another mean of reducing Otd protein levels in specific regions. In order to knock down Otd in its endogenous expression domain, the NP4065-GAL4 was used (Fig. 6E) . Using NP4065-GAL4 to drive otd miRNA (abbreviated as NP4065Notdi), the adult vertex showed defects similar to otd mutants (Fig. 6G) . In NP4065Notdi L3 eye disc, Otd and Eya were both undetectable in the head vertex primordium (Fig. 6F) . This indicates the knockdown by miRNA is very efficient. These phenotypes are attributable to loss of otd as they were reverted by coexpressing otd (data not shown). In combination with NP4065Notdi, we then blocked Eyg function by coexpressing the dominantnegative Eyg-VP16 (Yao and Sun, 2005) . Since Eyg is a dedicated repressor (Yao and Sun, 2005) , the fusion of a transactivation domain from VP16 forced Eyg-VP16 to act as a transcriptional activator and can dominant-negatively block the function of Eyg and Twin of Eyg (Toe) (Yao and Sun, 2005; Yao et al., 2008) . In the NP4065Notdi+Eyg-VP16 double knockdown condition, the ocelli precursors (visualized by Eya staining) can be rescued (Fig. 6H) . In some cases, only one patch of Eya can be detected (not shown). 30% of flies have recovered one to three ocelli, with the medial ocellus being the most frequently recovered. In these flies, the patterning of vertex bristles was partially restored (Fig. 6I) . The incomplete rescue may be due to that Eyg-VP16 did not completely block Eyg and Toe function (Wang et al., 2008) . These results and the results from the otd; eyg double mutant suggested that the repression of eyg is an important, but may not be the only, function of otd for the head vertex development.
To further explore the importance of eyg repression in head vertex development, we directly expressed eyg in the head vertex primordium by the NP4065-GAL4. In NP4065Neyg flies that were raised at 25°C, the adult head vertex was normal (data not shown), and the ocelli precursors were present in L3 eye disc (Figs. 6J, J' ). However, in NP4065Neyg flies that were raised at 29°C, the ocelli and ocellar bristles were missing in some flies (35%, n = 34; Fig. 6L ). The ocellar marker Eya was also absent in the eye disc (Figs. 6K, K' ). When two copies of UAS-eyg were expressed by the NP4065-GAL4 (NP4065N2Xeyg at 29°C), the phenotype becomes stronger, with nearly complete loss of ocelli, loss of ocellar bristles and postvertical bristles, and significant extra interocellar bristles (increase from the normal average of 6 to an average of about 20) (Fig. 6M and Supplementary Table 1 ). The ocellar cuticle seemed to have expanded to become squarish. Only these medial structures were affected, while the mediolateral frons and the lateral features were not affected ( Fig.  6M and Supplementary Table 1 ). This implicated that ectopic eyg expression can affect vertex development in a region-specific manner.
The loss of medial features and expansion of ocellar cuticle are similar to the loss-of-function otd mutant phenotype, suggesting that the suppression of eyg is a major function of otd. However, there is one notable difference. Whereas otd mutant caused loss of interocellar bristles and ocellar cuticle, ectopic expression of eyg caused a significant increase of interocellar bristles and expansion of ocellar cuticle. This difference suggested that the repression of eyg is not the only function of otd.
eyg is required for lateral bristle development Does the endogenous eyg expression play any role in head vertex development? Since eyg is required for eye growth in L2, its null mutant is headless and has no eye disc to be analyzed. The hypomorhpic eyg 1 and eyg 22-2 mutants have no head vertex defect (not shown). Therefore we blocked endogenous Eyg activity by expressing the dominant-negative Eyg-VP16 (Yao and Sun, 2005) in the endogenous eyg expression domain by an eyg-GAL4 (EM458) (Jang et al., 2003) . The Eyg level in the EM458NEyg-VP16 eye disc was significantly reduced (not shown). Most of the EM458NEyg-VP16 were pupal lethal. Only a few escapers were analyzed, so these represent the weaker phenotype. Frequently one or two of the three orbital bristles were lost (67% penetrance). The large vertical seta was occasionally lost (17% penetrance) and the smaller vertical seta was almost always lost (89% penetrance) (Fig. 7A ). There was no apparent change in the orbital cuticle and frons. We then checked to see if the eyg expression domain overlaps with the sites of these bristle precursors in the eye disc. We used the enhancer trap A101-lacZ expression to indicate the site of the precursors of ocelli, ocellar bristles and orbital bristles Finkelstein, 1995, 1996) . Indeed, the precursors of orbital bristles are located within the eyg domain (Figs. 7B-B' ). These results suggested that eyg is required for the development of the lateral bristles in the head vertex. In the reverse situation when eyg level was ectopically elevated in the medial region of head vertex by overexpressing eyg or reducing otd (Fig. 6) , ectopic bristles were observed in the medial region. Taken together, these results suggest that eyg contributes to bristle development of the head vertex.
Genes regulated by eyg
Since eyg expression domain abuts that of otd and wg, we asked whether eyg can regulate the expression of wg and otd, and the three genes (en, hh, eya) expressed within the otd domain. Eyg acts exclusively as a transcriptional repressor (Yao and Sun, 2005) , so may directly repress otd and wg transcription. We first tested whether eyg can repress otd expression. In eyg-expressing clones, Otd pattern was not affected (Figs. 8A, A' ). When eyg was ectopically expressed under the control of NP4065-GAL4, which drives expression in the head vertex primordium and some photoreceptors in the eye disc (Fig. 6E) , Fig. 7 . eyg is required for lateral bristle development. (A) When Eyg-VP16 was driven by EM458, the orbital bristles and vertical seta were lost with high penetrance (white arrow). (B) The precursor cells of ocelli, ocellar bristles and orbital bristles were visualized using A101 enhancer trap line. The ocelli and ocellar bristles precursors were indicated by yellow arrowhead while the orbital bristles precursors were indicated by white arrow. (B') eyg expression domain marked by eyg 22-2 -GAL4 driving GFP overlapped with A101-lacZ within the orbital bristles precursors, but not the precursors for the ocelli and ocellar bristles.
Otd protein level was not affected in NP4065Neyg cells in the head vertex primordium (Figs. 6J, J' ). These results suggested that ectopic eyg is not sufficient to repress otd expression. In EM458NEyg-VP16, the Otd expression did not expand into the eyg domain (Fig. 8B) . Thus, in both gain-of-function and loss-of-function experiments, eyg does not repress otd expression. The exclusive expression domains of eyg and otd depended on the unidirectional suppression of eyg expression by otd. We then asked whether eyg affects the expression of other genes involved in vertex development. In EM458NEyg-VP16, hh-lacZ and En expression did not expand into the eyg expression domain (Figs. 8C,  D) . So the normal Eyg function is not required to repress the expression of en and hh from expansion into adjacent territory. In NP4065Neyg, Eya and En expression is lost (Figs. 6K, K' and 8E, respectively) . Whether hh expression is affected has not been clearly established. The repression of En and/or Eya by ectopic Eyg is possibly the cause for the block of ocelli development.
In eyg
22-2
NEyg-VP16 and EM458Neyg-VP16, Wg expression showed variable degree of expansion and into the eyg expression domain (Figs. 8D, F, G) . Therefore, the endogenous eyg is required to keep wg expression from expanding into the center of the eye disc. In NP4065Neyg, Wg expression was slightly reduced in the region near the center of the disc, while the more lateral expression was not affected (Fig. 8E) . Previous reports have shown that ectopic expression of eyg along the lateral margins (dppNeyg) can efficiently suppress wg-lacZ in the lateral margin (Jang et al., 2003) . But a region of overgrowth, roughly corresponding to the head vertex primordium, retained strong wg-lacZ expression (Jang et al., 2003) . Therefore, the wg expression in the head vertex is relatively resistant to suppression by ectopic Eyg.
wg and hh signaling also regulates eyg transcription
Since otd expression is induced by Hh and Wg signaling Finkelstein, 1996, 1997; Blanco et al., 2009) , and otd represses eyg expression, we tested whether Hh and Wg signaling repressed eyg expression. Because the effect of Wg is non-autonomous, we generated clones mutant for dishevelled (dsh) gene, which is a component of Wg signaling (Klingensmith et al., 1994; Theisen et al., 1994) . In dsh 3 mutant clones, Eyg expression was ectopically induced ( Supplementary Fig. 1A and A'). In addition, an ommatidialike structure on the adult head vertex of a few flies was observed (not shown). Since Wg signaling is known to inhibit MF initiation, it is likely that loss of Wg signaling caused ectopic MF initiation and photoreceptor differentiation. By contrast, no ommatidia-like structure was found in adult vertex of otd mutants. We further checked whether elevation of Wg signaling can repress eyg expression. Clonal induction of the constitutively active Arm (Flu△arm), which is the downstream factor of Wg pathway, caused autonomous repression of eyg-lacZ ( Supplementary Fig. 1B, C) . In these Flu△arm-expressing clones, Otd was induced cell-autonomously while Eyg was repressed ( Supplementary Fig. 1C-C) . These results indicated that Wg signaling is required and sufficient for the repression of eyg transcription, and likely acting indirectly through otd. The temperature-sensitive hh ts2 mutant was raised at 17°C and shifted to 29°C at early L3 for 2 days to disrupt Hh function. These flies were then maintained at 17°C for another 2 days and then dissected for analysis. The size of eye-antennal disc was highly reduced ( Supplementary Fig. 1D, D' ). CD-GFP was ectopically induced in the head vertex primordium (Supplementary Fig. 1D ). In such eye disc, Otd was not detected in the head vertex primordium ( Supplementary  Fig. 1D') . These results suggested that in the absence of Hh signal, otd is reduced, hence eyg is de-repressed.
Discussions
The homeodomain protein Otd is a critical regulator for the development of the head vertex (Figs. 1, 9) . In third instar eye disc, otd maintains hh expression in the medial part of the head vertex primordium and repels wg from expressing in this domain. wg expresses in two patches flanking the head vertex primordium and is required for the development of the lateral and mediolateral structures of the head vertex. Hh induces vn expression in a patch immediately posterior to the hh domain. Vn probably activates DER signaling in a broader region such that DER is required for a subset of the medial structures: ocelli, ocellar bristles and postvertical bristles. Otd also positively regulates en, eya and so. The regulation on eya is indirectly mediated by Hh signaling and by repressing wg which represses eya. The regulation on so is also indirectly through the repression of wg. N is required for the development of the remaining medial structures: interocellar bristles and ocellar cuticle. It was hypothesized that N signaling in this domain is regulated by Hh (Amin, 2004) . Thus Otd controls the development of the head vertex through the Hh and Wg signaling to divide the vertex into several subdomains.
In this study, we demonstrate that the Pax gene eyg is a novel player in controlling the development of the head vertex. It plays a positive role in the development of the lateral bristles, as well as a negative role in blocking the development of the medial bristles. This negative role of Eyg is hidden because eyg expression was actively repressed by Otd in the head vertex primordium in L3 eye disc.
In mid-late L3 eye disc, eyg is expressed in an anterior-dorsal stripe, which abuts the head vertex primordium defined by otd expression. Our results showed that Otd is sufficient and required to repress eyg transcription (Figs. 2-4) , thereby preventing eyg expression from extending into the head vertex primordium. In otd mutants, the loss of head vertex structures is accompanied with expansion of eyg expression into this domain. We examined whether the derepression of eyg is responsible for the otd loss-of-function (LOF) phenotype. We used two otd LOF conditions (otd JA101 /oc 1 and NP4065Notdi) combined with two methods of reducing Eyg activity (eyg M3-12 /eyg 1 and NP4065NEyg-VP16), respectively. In both cases, decreasing Eyg dosage partially rescued the otd phenotype (Fig. 6 ). The ocelli, ocellar and postvertical bristles can be recovered (Fig.  6D ). The partial rescue may be due to residual Eyg activity, since eyg 1 is a hypomorphic allele and Eyg-VP16 did not fully block Eyg and Toe activity (Wang et al., 2008) . We further checked to see if expressing eyg in the head vertex primordium can mimic the otd mutant phenotype. Interestingly only a subset of the otd LOF phenotypes can be caused by Eyg expression. The severity of the phenotypes is dependent on the dosage of eyg expression. When eyg was strongly expressed (NP4065N2Xeyg at 29°C), the ocelli, ocellar bristles and postvertical bristles were significantly lost. Thus for these medial structures, the repression of eyg is an important function of otd. However, not all medial structures were similarly affected. In contrast to the otd phenotype, ectopic expression of eyg caused a significant increase of the interocellar bristles and an expansion of the ocellar cuticle. Since N ts1 mutants showed the opposite phenotype:
loss of interocellar cuticle and bristles (Amin, 2004) , the effect of eyg may be similar to activated N signaling. During compound eye development, N induces eyg expression and eyg is a major mediator of the proliferative effect of N signaling (Chao et al., 2004) . In the head vertex development, it is possible that N also can induce eyg expression to mediate its function, but this is normally repressed by otd. N is required for the development of the interocellar bristles and ocellar cuticle. This occurs in the absence of eyg, so is an eygindependent function. The subset of medial structures that are repressed by Eyg is the same subset that is lost in Vn and DER (Amin et al., 1999; Amin and Finkelstein, 2000) . Thus it is possible that the ectopic Eyg can block Egfr signaling. Ectopic Eyg blocked the ocelli development, which requires En, Eya and So. In NP4065Neyg, Eya and En expression at the head vertex primordium is lost (Figs. 6K, K' and 8E), correlating with loss of ocelli (Fig. 6L) . Whether the repression of Eya and/or En by Eyg is direct is not clear.
Our study revealed hidden roles for otd and eyg. For otd to promote head vertex development, it not only has to induce downstream target genes, but also needs to repress the negative regulator eyg. Eyg promotes eye development by two mechanisms: inducing cell proliferation through the induction of upd expression, and inducing MF initiation through the repression of wg (Jang et al., 2003; Chao et al., 2004; Yao and Sun, 2005) . The effects on head vertex development by ectopic Eyg do not seem to involve cell proliferation. There is no significant increase of cell proliferation in otd mutants (Royet and Finkelstein, 1995) . In NP4065Neyg eye disc, there was some overgrowth in the head vertex region, but this was independent of whether Eya was present or absent (Figs. 6J, K) . The effect on the medial head vertex development by ectopic Eyg also does not seem to involve wg repression, since wg expression is outside of the otd domain (Royet and Finkelstein, 1996) . Furthermore, loss of wg did not lead to a loss of ocelli and the associated bristles, which is distinctly different from the phenotypes of otd mutants and misexpressing eyg. So this effect of Eyg is likely mediated by a novel mechanism of action. We found that ectopic Eyg repressed En and Eya, thus the loss of ocelli may be due to the repression of En and/or Eya. However, Eyg also affected other structures not dependent on En and Eya. These effects may be due an effect on Hh, Egfr and/or N signaling.
The normal expression of eyg in an anterior stripe in the L3 eye disc overlaps with the site of precursors for the lateral bristles. When Eyg activity was blocked in this region, this caused significant loss of the lateral bristles (orbital bristles and vertical seta) (Fig. 7) . Thus eyg also plays a positive role in the development of the head vertex, in a region adjacent to the Otd-controlled domain. The loss-of-function eyg phenotype is similar but weaker to that of the loss-of-function wg phenotype (Royet and Finkelstein, 1996) , suggesting that Eyg may partially mediate the Wg signal in the lateral domain. This is in contrast to the repression of wg in the eyg expression domain. So while eyg excludes wg expression, the Eyg + cells may be able to receive the Wg signal from the adjacent domain. In summary, we showed that the development of the head vertex depends on the interplay of several genes (Figs. 1, 9) . The combinatorial action of these genes divides the head vertex primordium into several distinct subdomains. The scheme shown here is probably general to the setting up and subdividing developmental fields. Initially nuclear factor(s) establish a developmental field. The nuclear factor then regulates the expression of signaling molecules, which then perhaps form local gradients to define distinct fates. Additional signaling molecules may be invoked and the combinatorial action of signaling and transcription factors further subdivide the field into subdomains. Our results highlight the importance to consider the adjacent field. The adjacent fields can be specified independently or coordinately by morphogens, but their boundary is likely to be established or maintained by antagonistic Fig. 9 . Regulatory relationships among genes affecting head vertex development. The domains regulated by each gene or signaling pathway were indicated by brackets (see text). The blue bracket indicates endogenous expression. The red bracket (of Eyg) indicates the normally repressed expression. The regulatory relationships among these genes were described in the Discussions. This study demonstrated that otd represses eyg from being expressed in the head vertex primordium. Eyg ectopic expression affected the vertex development in two distinct subsets. The effect on the ocelli, ocellar bristles and postvertical bristles is similar to those caused by loss of Otd, Hh and DER signaling. The effect on the interocellar bristle and ocellar cuticle is distinctly different. regulation of nuclear factors. The morphogens that act over two adjacent fields may help to coordinate the adjacent fields to develop into an integrated structure.
Materials and methods

Fly stocks
Fly culture and crosses were performed according to standard procedure at 25°C unless otherwise noted. The source of hsFLP 22 ; Act5CNy + NGAL4, UAS-lacZ (Ito et al., 1997) , hsFLP 22 ; Act5CNy + NlacZ, UAS-GFP S65T (Ito et al., 1997) , UAS-eyg (Jang et al., 2003) , eyg M3-12 (Jang et al., 2003) , eyg 22-2 -GAL4 (Jang et al., 2003) , EM458 (Jang et al., 2003) and Eq1-lacZ (Sun et al., 1995) were described (Chao et al., 2004) . otd JA101 FRT19A/FM7c (oc 2 FRT19A/FM7c) and UAS-otd (III)
were kindly provided by C. Desplan. oc 1 FM7d/C(1)DX was from the Bloomington stock center. UAS-flu△arm was described (Zecca et al., 1996) . P[ubi-GFP-nls] FRT19A was from S. Noselli. P[GawB] NP4065 was from Kyoto stock center.
Clonal induction
Positively labeled flp-out expression clones were generated by crossing UAS-lines to hs-FLP
22
; Act5CNy + NGAL4 UAS-lacZ or hs-FLP
; Act5CNy + NGAL4 UAS-GFP (Ito et al., 1997) . Heat-shock induction of hs-FLP 22 was at 37°C for 30 min at 48-60 h after egg laying (AEL). Mutant clones were induced by the FLP-FRT method (Xu and Rubin, 1993) . For otd JA101 mutant clones, otd JA101 FRT19A virgins were crossed to P [ubi-GFP-nls]FRT19A; hs-FLP TM3, Sb/TM6B males. Heat shock induction of hs-FLP was at 37°C for 90 min at 24-48 h AEL.
Immunohistochemistry
Antibody staining for imaginal discs was as previously described (Pai et al., 1998) . Primary antibodies were rat anti-Elav (1:500), mouse anti-Eya (1:200), mouse anti-Wg (1:200) (Developmental Studies Hybridoma Bank, University of Iowa) and rabbit anti-β-galactosidase (1:1500, Cappel). Guinea-pig anti-Eyg was kindly provided by Natalia Azpiazu (Aldaz et al., 2003) . Rabbit anti-Otd (1:1500) was made in this study. The otd cDNA was a gift from C. Desplan. The purified recombinant Otd protein was injected into rabbit and the serum obtained was used as a polyclonal antibody. Secondary antibodies (Jackson ImmunoResearch) were Cy3 anti-rabbit, Cy5 anti-rabbit, Cy3 anti-rat, Cy5 anti-rat, Cy3 anti-mouse and Cy5 anti-mouse. Fluorescent images were obtained using a Zeiss LSM 510 confocal microscope.
Site-directed mutagenesis
CD elements with specific mutations in putative Otd-binding sites were generated using the QuikChange® Site-Directed Mutagenesis kit (Stratagene). All the mutations were verified by direct sequencing. Generation of transgenic flies of each construct was described (Jang et al., 2003) . For each construct, three independent transgenic lines were established and tested for reporter activity.
otd miRNA generation
The 22 nucleotides of otd coding sequence (underlined in oligo otd 1 and 2) were selected as the target sequences. The oligonucleotides were purified by PAGE after synthesis. The miRNA construct was generated as described in Yao et al. (2008) . Germline transformants of each construct were generated as described previously (Jang et al., 2003) .
GGCAGCTTACTTAAACTTAATCACAGCCTTTAATGTAGAAGTGGCGCT-CAAGATCCATTAAGTTAATATACCATATC-oligo otd-1 AATAATGATGTTAGGCACTTTAGGTACAGAAGTGGCGCTCAAGAT-CAATTA GATATGGTATATTAACTTAATGG-oligo otd-2
GGCGAATTCATGTTTAAAGTCCACAACTCATCAAGGAAAATGAAAGT-CAAAGTTGGCAGCTTACTTAAACTTAATCA-oligo 3 G G C G C G G C C G C A T C C A A A A C G G C A T G G T T A T T C G T G T G C -CAAAAAAAAAA AAAATTAAATAATGATGTTAGGCACTT-oligo 4
